Pharmaceutically active compounds from medical plants are attractive as a major source for new drug development. Prenylated stilbenoids with increased lipophilicity are valuable secondary metabolites which possess a wide range of biological activities. So far, many prenylated stilbenoids have been isolated from Morus alba but the enzyme responsible for the crucial prenyl modification remains unknown. In the present study, a stilbenoid-specific prenyltransferase (PT), termed Morus alba oxyresveratrol geranyltransferase (MaOGT), was identified and functionally characterized in vitro. MaOGT recognized oxyresveratrol and geranyl diphosphate (GPP) as natural substrates, and catalyzed oxyresveratrol prenylation. Our results indicated that MaOGT shared common features with other aromatic PTs, e.g. multiple transmembrane regions, conserved functional domains and targeting to plant plastids. This distinct PT represents the first stilbenoid-specific PT accepting GPP as a natural prenyl donor, and could help identify additional functionally varied PTs in moraceous plants. Furthermore, MaOGT might be applied for high-efficiency and large-scale prenylation of oxyresveratrol to produce bioactive compounds for potential therapeutic applications.
Introduction
Stilbenoids constitute one of the most common types of phytoalexins, which play a substantial role in non-host defense responses in many plants. They are also of special interest for their potentially valuable health effects (Riviere et al. 2012) , and have been attributed a wide range of pharmacological activities in vitro, including anti-inflammatory , antitumor (Bai et al. 2010) , anti-atherogenic (Ramprasath and Jones 2010) , anti-viral (Nguyen et al. 2011 ) and even neuroprotective (Chen et al. 2017) effects. However, limited oral bioavailability due to rapid absorption and metabolism restricts the potential application of stilbenoids in clinical trials (Gambini et al. 2015) . Meanwhile, prenylation enables the attachment of isoprene groups to various aromatic natural products (Winkelblech et al. 2015) . As prenyl groups increase product lipophilicity, prenylated compounds generally exhibit greater bioavailability (Botta et al. 2005 ). To date, over a thousand prenylated aromatic products have been isolated from various plant species, especially medicinal plants. Such compounds generally possess a wide range of biological activities such as cytotoxic, antioxidant (Sunassee and Davies-Coleman 2012) and antimicrobial (Raju et al. 2011 , Tagami et al. 2013 activities.
Prenyltransferase (PT) plays an important role in the diversification of natural products. Prenylation couples the shikimate or polyketide pathway (which provides an aromatic moiety) with the isoprenoid pathway derived from the mevalonate or methyl erythritol phosphate (MEP) pathway ). Assessing aromatic PTs catalyzing aromatic secondary metabolites in plants has been a new research field in plant molecular biology in the past decade. PTs utilize isoprene groups from different prenyl donors such as dimethylallyl diphosphate (DMAPP with a branched C5-chain), geranyl diphosphate (GPP, C10) and farnesyl diphosphate (FPP, C15), and recognize various prenyl acceptors. The first characterized flavonoid-specific PT is naringenin 8-dimethylallyltransferase (SfN8DT1) from Sophora flavescens (Sasaki et al. 2008 ).
Since its discovery, several plant aromatic PT genes have been cloned from various plant species based on homologous gene cloning strategies. Many of the detected PTs are flavonoid specific (Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 , some are coumarin specific , Munakata et al. 2016 ) while others are phloroglucinol specific (Tsurumaru et al. 2010 . Many PTs cloned from plants utilize DMAPP for prenylation, while some are GPP specific, e.g. ClPT and LePGT-1 (Ohara et al. 2013) .
Although prenylated stilbenoids have been previously isolated from various kinds of plants (D'Abrosca et al. 2005 , Sobolev et al. 2006 , Pailee et al. 2015 , no gene encoding a stilbenoid-specific prenyltransferase has been identified from plants until recently. Yang et al. first characterized two membrane-bound stilbenoidspecific PTs from peanut, and indicated that stilbenoid PTs possess D-rich conserved motifs and multiple transmembrane domains, consistent with published flavonoid PTs . These enzymes catalyze two distinct dimethylallylation reactions in which resveratrol is prenylated at either the C-3' or C-4' position. Morus alba contains large amounts of prenylated flavonoids and stilbenoids with extremely important biological values (Chan et al. 2016 ). Wang and colleagues cloned and characterized two flavonoid-specific PT genes from moraceous species (MaIDT and CtIDT), with both enzymes having isoliquiritigenin as a natural substrate ). However, PTs responsible for compounds isolated from Morus, such as moracin N and chalcomoracin (Gu et al. 2010) , remain unknown. Apart from the prenylation product of isoliquiritigenin, various compounds with attached prenyl groups, including Diels-Alder-type adducts, flavonoids, 2-arylbenzofurans, xanthones and stilbenes, have been successfully isolated from moraceous plants . The characterized MaIDT and CtIDT have stringent substrate specificities, indicating the presence of additional unidentified PTs.
In the present study, we first identified a new PT, coined MaOGT, from Morus alba, which in particular catalyzed stilbenoid prenylation. The results showed that the novel enzyme shared similar classic features with most reported PTs. It has a conserved D-rich motif, seven putative membrane-spanning domains predicted by the TMHMM program and a putative transit peptide targeted to plastids as predicted by the ChloroP program.
In addition, MaOGT strictly recognized oxyresveratrol as the sole natural substrate and catalyzed the attachment of a geranyl group to oxyresveratrol. This is different from other PTs, most of which catalyze the attachment of dimethylallyl groups to the aromatic acceptor. These findings provide solid evidence that MaOGT is stilbenoid specific with unique characteristics, which built a substantial foundation for identifying more stilbenoid-specific PTs.
Results
Identification of a putative stilbenoid-specific prenyltransferase gene from the Morus alba leaf transcriptome
Over the last decade, many PTs with different substrate recognition features have been successfully characterized in multiple plants. As shown in Table 1 , most PTs are DMAPP specific and could not utilize other prenyl donors such as GPP and FPP. The end-products of PTs include flavonoids, isoflavonoids, phlorisovalerophenone and coumarins. Yang et al. revealed that stilbenoid-specific PTs exhibit relatively high sequence homology with flavonoid-specific PTs (Yang et al. 2016) . Based on this notion, we performed BLAST analysis within our in-house M. alba leaf transcriptome database using the cDNA sequence of a characterized flavonoid PT in M. alba (MaIDT, KM262659.1) as query. All homologous transcripts with an E-value <0.001 are displayed in Table 2 , and only three transcripts (comp29692, comp28040 and comp11218) contained the full-length open reading frame (ORF). The three transcripts were subcloned into the yeast expression vector pESC-His for heterologous expression in Saccharomyces cerevisiae (strain YPH499). The presence of MaOGT in S. cerevisiae was confirmed by PCR analysis using the extracted plasmids from the yeast as PCR template (Supplementary Fig.  S1 ) and verified by sequencing of the positive transformants (data not shown). The microsomal fractions of the transformed yeast cells were employed for PT activity assays. Comp29692 was only 2 bp different from the nucleotide sequence of MaIDT, with the same translated amino acid sequence as MaIDT. Functional characterization revealed that comp29692 was GPP Ohara etal. (2013) able to catalyze isoliquiritigenin prenylation ( Supplementary  Fig. S2 ), consistent with previous findings ). However, it could not catalyze oxyresveratrol prenylation ( Supplementary Fig. S3 ). The microsomal fraction of heterologously expressed comp28040 did not catalyze the prenylation of flavonoids or stilbenoids (Supplementary Figs. S2, S3) . Although the microsomal fraction of comp11218 failed to accept isoliquiritigenin as a prenyl acceptor, it could catalyze oxyresveratrol prenylation using GPP as a prenyl donor (Fig. 1B) . Therefore, transcript comp11218 was renamed Morus alba oxyresveratrol geranyltransferase (MaOGT) for convenience. The nucleotide and amino acid sequences of MaOGT shared 75% and 54% identity with MaIDT, respectively. We performed several predictions based on the amino acid sequence of MaOGT.
The target location of the protein was predicted by ChloroP, TargetP and IPSORT (see 'Subcellular localization of MaOGT'). The transmembrane regions of MaOGT were analyzed by THMHH 2.0 ( Supplementary Fig. S4 ). The results showed that the polypeptide possessed seven putative transmembrane a-helices.
Functional expression of MaOGT in
Saccharomyces cerevisiae and identification of enzymatic products
The microsomal fractions prepared from the transgenic yeast were incubated with oxyresveratrol as a prenyl acceptor and GPP as a prenyl donor in the presence of MgCl 2 at 30 C for 2 h (Fig. 1A, B) . The resulting product was identified by direct comparison with a chlorophorin standard ( Fig. 1C, D ; With the complete MaIDT mRNA sequence (KM262659.1) as query, transcripts with an E-value <0.001 were extracted from the self-built transcriptomic database.
Supplementary Fig. S5 ). This product was confirmed by comparing its UV light spectrum, retention time, mass spectrum and tandem mass (MS/MS) spectrum with the purchased chlorophorin standard. The fragment sizes of the product and standard are listed in Table 3 . No products were detected when the substrate was incubated with the microsomal fraction of yeast cells transformed with the pESC-His empty vector (Fig. 1B) . No products were detected when the reaction was incubated with induced YPH499, engineered yeast with protein expression vector without induction and supernatant of induced engineered yeast ( Supplementary Fig. S6 ).
Most reported PTs are membrane-bound proteins targeted to plastids. Functional heterologous expression of PTs is extremely difficult due to low expression levels. In previous studies, researchers succeeded in increasing PT activity in recombinant yeast cells by truncating the N-terminal transit peptides of heterologously expressed PTs , Shen et al. 2012 . To improve the enzymatic activity of MaOGT, we generated a deletion mutant without the nucleotide sequence corresponding to the 17 N-terminal amino acids. The truncated fragment was inserted into the pESC-His vector, and the corresponding protein was expressed in yeasts. The effect of the 17deleted N-terminal amino acids was evaluated by expressing full-length MaOGT in yeasts as a reference. By comparing HPLC results in PT activity assays, the same enzymatic reaction products were observed, but the activity from full-length MaOGT-expressing yeasts was lower than that of the N-terminal truncated MaOGT group ( Supplementary Fig. S7 ). This finding indicated that low tolerance of plant transit peptides in yeasts together with incorrect protein folding had a negative impact on enzymatic activity. Therefore, subsequent enzymatic assays were conducted with the heterologously expressed protein from yeast cells containing the N-terminal truncated MaOGT.
Transmembrane region prediction results from the TMHMM program indicated that MaOGT contained multiple transmembrane domains. As a result, most of the recombinant PT protein was collected by ultracentrifugation, which is an efficient approach to collect membrane proteins specifically. Ultracentrifugation of cell-free extracts of yeast cultures at 100,000Âg for 60 min resulted in a major accumulation of PT activity in the yeast microsomal fraction (Fig. 2) . The relative activity in the microsomal fraction of recombinant yeast cells was about 6-fold higher than that in crude cell-free extracts. Therefore, the microsomal fraction of yeast cells was used in subsequent enzymatic assays.
Functional expression of MaOGT in Nicotiana benthamiana
Stilbenes underwent various modifications such as glucosylation, methylation and oligomerization in vivo (Dubrovina and Kiselev 2017) . When incubating oxyresveratrol and GPP with the microsomal fraction of M. alba, an apparent decrease of oxyresveratrol is observed; however, we barely detected prenylated products by HPLC (data not shown). However, from TripleTOF LC-MS analyses, we observed an increase of chlorophorin intensity in the experimental group compared with the control group ( Supplementary Fig. S8 ). To confirm further the function of MaOGT in plants, transient expression of MaOGT in N. benthamiana was performed. The microsomal fraction of leaves at 72 h post-infiltration was used to assay the PT activity. The basic reaction and measurement for MaOGT in N. benthamiana were the same as for transgenic yeast prenylation activity screening. The microsomal fraction prepared from MaOGT transiently expressed in N. benthamiana was incubated with oxyresveratrol and GPP in the presence of MgCl 2 at 30 C for 2 h (Fig. 3A) . The reaction incubated with the microsomal fraction of N. benthamiana containing empty binary vector was taken as the control (Fig. 3B) . The retention time and the UV light spectrum of the prenylated product were consistent with that in the engineered yeast experiment, which indicated that the same reaction product was observed in N. benthamiana. No product was detected in the control group.
Substrate specificity of MaOGT
To investigate the substrate specificity of MaOGT, several stilbenoids such as oxyresveratrol, resveratrol, piceatannol, pinosylvin, pterostilben and moracin M, and flavonoids such as isoliquiritigenin, genistein, apigenin, luteolin, diosmetin and naringenin MaOGT product 34.8 211. 076, 225.058, 241.051, 255.066, 267.067, 311.203, 335.203, 361.182 The data were directly compared with the standard.
were chosen as potential substrates to assess prenyl acceptor specificity (Fig. 4A) . The results showed that MaOGT selectively catalyzed oxyresveratrol conversion into chlorophorin ( Fig. 4B ) and slightly catalyzed resveratrol prenylation ( Supplementary Fig.  S9 ). Interestingly, it did not catalyze the addition of prenyl groups to piceatannol, pinosylvin or pterostilbene; the presence of hydroxyl groups at both the C-3 and C-5 positions might be one of the most crucial characteristics of recognition by MaOGT. The wrong hydroxyl group position and replacing a hydroxyl group with a methoxy group might block prenylation. However, no prenylated products were detected with flavonoids used as substrates. These findings indicated that MaOGT might be a stilbenoid-specific prenyltransferase.
To address the prenyl donor specificity of MaOGT besides GPP, several other prenyl diphosphates, including isopentenyl pyrophosphate (IPP), DMAPP, FPP and geranylgeranyl pyrophosphate (GGPP) were assessed with oxyresveratrol as a prenyl acceptor. Although MaOGT showed strong a preference for accepting GPP as a natural prenyl donor, it also could catalyze the attachment of IPP, DMAPP, FPP and GGPP to oxyresveratrol (Fig. 4C) . However, only trace amounts of products were detected by HPLC (Supplementary Fig. S10 ).
Biochemical properties of recombinant MaOGT
To evaluate the biochemical properties of recombinant MaOGT, the effects of temperature, pH and divalent cations, and the apparent K m value were analyzed. To determine the optimal temperature, reactions were incubated with oxyresveratrol, GPP and Mg 2+ at various temperatures (20, 25, 28, 30, 37, 40 and 50 C) in 100 mM phosphate-buffered saline (PBS; pH 7.0) for 2 h (Fig. 5A) . Enzymatic activities in reactions incubated under temperatures ranging from 25 to 37 C were maintained at high levels, with the optimal MaOGT activity observed at 30 C. For optimal pH determination, enzymatic activities were assessed in different buffers with pH values from 5.0 to 9.5 (Fig. 5B) . Interestingly, the optimal pH for oxyresveratrol prenylation was 7.0, which was different from those of other reported PTs ). In addition, oxyresveratrol degradation in an alkaline environment was observed when the pH reached 8.5. Oxyresveratrol instability in an alkaline environment might be the reason why only small amounts of enzymatic products were observed in high pH reactions. Therefore, 100 mM PBS, pH 7.0 was used as standard buffer in subsequent PT reactions.
For assessment of the effects of divalent cations on prenylation, a variety of divalent cations other than Mg 2+ were assayed. The results showed that Mg 2+ was the most effective cofactor (100%) for MaOGT, while Ca 2+ (17.8%), Ni 2+ (4.6%), Fe 2+ (2.3%) and Ba 2+ (1.6%) could also function as cofactors for MaOGT prenylation (Fig. 5C) . The absence of enzymatic products in reactions incubated with 10 mM EDTA indicated that divalent cations were required for prenylation, in accordance with the notion that Mg 2+ could form a bidentate complex between enzymes and substrates, inducing PT reactions (Huang et al. 2014) . We further evaluated the apparent K m of MaOGT for GPP and oxyresveratrol as prenyl donor and acceptor, respectively. The apparent K m was determined at different oxyresveratrol concentrations (10, 20, 30, 40, 50, 75, 100, 150 and 200 mM) and the GPP concentration was 200 mM. The reactions were performed at 30 C for 15 min and terminated by addition of an equal volume of methanol. After centrifugation at 14,000Âg for 20 min, the supernatant was immediately collected for HPLC analysis. The K m value was calculated from non-linear regression analysis with the Michaelis-Menten equation using the GraphPad Prism 7 software. The enzyme kinetics curve (Fig. 5D ) indicated that the catalytic velocity increased gradually, and peaked at oxyresveratrol concentrations >100 mM. The K m was determined as 29.36 ± 4.05 mM.
Subcellular localization of MaOGT
When evaluating the putative peptide sequence with available software programs, we found conflicting predictions for the subcellular localization of MaOGT. ChloroP predicted no chloroplast transit peptide in MaOGT; IPSORT showed that MaOGT might have a mitochondrial targeting peptide; while TargetP revealed that it was most probably a chloroplastassociated protein. To determine its subcellular localization experimentally, MaOGT-yellow fluorescent protein (YFP) gene fusion constructs driven by the Cauliflower mosaic virus (CaMV)35S-Tobacco etch virus (TEV) promoter were expressed transiently in N. benthamiana leaf epidermal cells by Agrobacterium infiltration (Fig. 6) . Green fluorescence signals of MaOGT-YFP appeared in punctate patterns against organelles in N. benthamiana leaf epidermal cells, patterns highly similar to chloroplast-derived fluorescence signals. In contrast, control YFP driven by the CaMV35S-TEV promoter was localized throughout the cell. This result suggested that MaOGT was targeted to chloroplasts, similar to published membrane-bound plant PTs such as PsPT (Munakata et al. 2016) .
Phylogenetic analysis of MaOGT with related plant prenyltransferases
To assess the relationship of MaOGT with other reported plant PTs, multiple alignment and phylogenetic analysis were conducted. For multiple alignment, the amino acid sequences of M. alba flavonoid PT (MaIDT), GPP-specific PTs (LePGT-1 and ClPT-1) and MaOGT were submitted to online analysis and aligned with Clustal Omega (http://www.ebi.ac.uk/tools/msa/ clustalo). The conserved D-rich motifs (NXXXDXXXD and DXXXD) are highlighted in red boxes in Fig. 7 . From the multiple sequence alignment, LePGT-1 was the least conserved PT (Fig. 7) . Although most of the conserved domains were in the middle of the sequence, the N-and C-terminal sequences varied from species to species. However, the domain marked in the yellow box indicated that the amino acid preceding arginine in DMAPP-specific PTs was isoleucine, while arginine was followed by proline in GPP-specific PTs in LePGT-1, ClPT-1 and MaOGT (Fig. 7) . For phylogenetic analysis, a Neighbor-Joining phylogenetic tree was constructed to analyze the evolutionary relationships of MaOGT to other membrane-bound plant PTs. Surprisingly, as the only two known stilbenoid-specific PTs identified from plants, the distance between AhR4DT and MaOGT was not as close as expected (Fig. 8) . AhR4DT identified from peanut shared most homology with the flavonoid (isoflavonoid) PT from Leguminosae, while MaOGT shared most homology with the bitter-acid-specific PTs from Cannabaceae, apart from MaIDT.
Discussion

Molecular and biochemical characterization of MaOGT
Prenylation of aromatic secondary metabolites is a crucial modification in plants. PTs have been intensively studied in recent years. SfN8DT, the first characterized membranebound PT in plants, was identified in S. flavescens, belonging to the Leguminosae. Since then, PTs responsible for the prenylation of flavonoids (Sasaki et al. 2008) , isoflavonoids (Akashi et al. 2009 , Sasaki et al. 2011 , Shen et al. 2012 ) and stilbenes ) have been consecutively characterized from leguminous plants. These findings not only enabled large-scale biosynthesis of valuable prenylated products, but also contributed to further evaluation of gene development in leguminous plants. Currently, many prenylated aromatic compounds in moraceous plants have been isolated, with their pharmacological activities extensively analyzed (Yang et al. 2014) . However, only two PTs have been characterized from Moraceae so far: CtIDT from Cudrania tricuspidata and MaIDT from M. alba; both are DMAPP-specific flavonoid PTs . BLAST search based on gene homology is an efficient approach to identify novel PTs and has been applied in multiple studies. Therefore, we used MaIDT as query and performed a BLAST search in an in-house M. alba transcriptome database. After gene cloning, heterologous expression in yeast cells and tobacco leaves, and enzyme identification, for the first time to our knowledge, a PT catalyzing oxyresveratrol geranylation from M. alba was characterized and renamed MaOGT. From the MS analyses of the reaction product incubated with the M. alba microsomal fraction and HPLC analyses of the reaction incubated with MaOGT transiently expressed in N. benthamiana, the gene function is well confirmed in plants. Compared with the newly reported AhR4DT, MaOGT showed higher affinity for GPP, and could also accept various donors such as IPP, DMAPP, FPP and GGPP to a certain extent. Multiple gene alignment was performed with three GPP-and one DMAPP-specific PT, and the region highlighted in the yellow box in Fig. 7 is speculated to be binding site for prenyl donors. Unlike other PTs with optimal catalytic activity at pH 9.0 , Yang et al. 2016 , the optimal pH for MaOGT activity was around 7.0. This may be because oxyresveratrol is unstable at pH 9.0. Furthermore, the divalent cation dependency of MaOGT was different from that of stilbenoidspecific PTs in Leguminosae. In the presence of Mn 2+ , AhR4DT and AhR3DT were enzymatically active, while MaOGT showed no activity. The selection mechanism at the molecular level remains to be clarified. The current findings provide an additional reference for future identification of PTs responsible for geranylation modification or stilbenoid-specific recognition.
The role of MaOGT in secondary metabolism and genetic relationships
Even though the affinity of MaOGT for its natural substrates was at a fairly high level, neither MaOGT transcription levels [inferred from the reads per kilobase per million mapped reads (RPKM) value in the database] nor the contents of oxyresveratrol and its prenylated derivatives is high in M. alba leaves (Chaita et al. 2017) . Several factors might explain this intriguing phenomenon. At the transcriptional level, a low copy number of MaOGT transcripts might result from the following circumstances. First, the target location of the resulting protein is the plastid, which occupies a limited space in plant cells; consequently, reduced amounts of transcripts are adequate for subsequent functional protein translation. Secondly, although the gene exists in M. alba, it is not active within the plant. This hypothesis requires the identification and quantification of MaOGT-like genes in other moraceous plants such as Chlorophora regia. Thirdly, there is no published chemical synthesis route for chlorophorin, which is mainly isolated from stems and roots (Jin et al. 2015 , Kyekyeku et al. 2016 . As the gene responsible for the prenylation to produce chlorophorin, organ-specific expression of MaOGT in Morus might explain why only trace amounts of MaOGT are detected in the transcriptome of mulberry leaves. However, MaOGT expression levels in different organs of Morus need further investigation.
Furthermore, both oxyresveratrol and chlorophorin were barely detected in mulberry leaves in our previous study (Gu et al. 2010 ). Yang et al. found an enzyme responsible for resveratrol degradation in peanut, and P450 cyclases might compete with PT for the common substrate (Yang et al. 2016) . Further investigation of the oxyresveratrol-associated metabolic pathway in M. alba is worth performing. In addition, chlorophorin is also an important intermediate for the biosynthesis of other prenylated stilbenoids in M. alba.
Previous studies reported that membrane-bound PTs in plant primary metabolism are divided into two distinct subgroups, i.e. 4-hydroxybenzoate and homogentisate PTs. The former is involved in the metabolism of ubiquinone and shikonin derivatives in the mitochondria or the endoplasmic reticulum, while the latter participates in the biosynthesis of vitamin E and plastoquinone, with the potential to evolve into PTs for aromatic secondary metabolites . In the present study, apart from moraceous PTs, MaOGT was most close to PTs identified in Humulus lupulus (Cannabaceae) and furthest from AhR4DT, another stilbenoid-specific PT identified in peanut. These findings suggested that the differential rate of gene expression is highly conserved in the same plant family, although the functions of evolved genes might differ from each other ). They also indicated that PTs catalyzing secondary metabolites have evolved after differentiation of plant families ). In addition, PTs in Leguminosae might have evolved from the tocotrienol biosynthesis pathway and those in Moraceae from plastoquinone biosynthesis. However, identifying new PTs in plants from different families with different distinct substrate specificities is necessary to analyze the molecular evolution of these membranebound enzymes.
Prenylated stilbenoids in moraceous plants
Chlorophorin, as the product of oxyresveratrol prenylation by MaOGT, has been isolated from various moraceous plants (Jin et al. 2015 , Kyekyeku et al. 2016 , Zhang et al. 2017 , and shows potential anti-inflammatory (Kyekyeku et al. 2016) , anti-microbial (Padayachee and Odhav 2013) and anti-oxidant (Minn et al. 1996) activities. In addition, chlorophorin has tyrosinase inhibitory activity, and could be a potential source of skin whitening agents (Arung et al. 2011) . However, chlorophorin production still depends on extraction and isolation from plants via inefficient and time-consuming techniques, because there is no appropriate chemical synthesis route available. Fortunately, various chemical synthesis routes for oxyresveratrol have been established (Reimann 1971 , Galindo et al. 2011 . Together with functional heterologous expression of MaOGT in yeast cells, large-scale preparation of chlorophorin is now a possibility. The current findings provide a theoretical basis for building further reaction platforms. Fig. 8 Phylogenetic relationships between MaOGT and related plant prenyltransferases. Protein sequences were aligned using ClustalW. A Neighbor-Joining phylogenetic tree was drawn using MEGA7. The bootstrap value was set at 1,000, and branch lengths represent the relative genetic distances. The abbreviations of protein sequences and their accession numbers are listed in Supplementary Table S1 .
Materials and Methods
Chemicals reagents
The prenyl donors, g,g-dimethylallyl pyrophosphate ammonium salt (DMAPP), geranyl pyrophosphate ammonium salt (GPP), farnesyl pyrophosphate ammonium salt (FPP), isopentenyl pyrophosphate (IPP) and geranylgeranyl pyrophosphate (GGPP) were all purchased from Sigma-Aldrich. (http://www. sigmaaldrich.com)
The aromatic substrates were all purchased from Shanghai Yuanye Biotechnology Co., Ltd. Moracin M was purchased from Wuhan Chemfaces Biochemical Co., Ltd.
The chlorophorin standards were purchased from WuXi AppTec.
Plant materials
Morus alba trees were provided by the College of Agriculture & Biotechnology, Zhejiang University (Hangzhou, China). They were grown in a greenhouse under white fluorescent light (160 mmol m -2 s -1
, 16 h light period/day) at 25 C and 70% humidity. Leaves were then collected, frozen in liquid nitrogen and stored at -80 C.
Analytical methods
HPLC analyses were performed on a Waters 2695 Alliance HPLC system equipped with a photodiode array detector and an online degasser and autosampler for solvent delivery. The analyses of the enzymatic product were performed as previously described with minor modification (Gu et al. 2010) . Briefly, the analyses were carried out using a Waters symmetry C18 column (250 mmÂ4.6 mm I.D, 5 mm) and a flow rate of 1.0 ml min -1 at 40 C. The solvent system consisted of a linear gradient from 10% to 95% (v/v) acetonitrile in water with 0.1% phosphoric acid over a period of 40 min followed by an isocratic elution with 95% for 5 min. Spectra were measured at a wavelength of 320 nm.
LC-MS/MS analyses were performed on the TripleTOF 5600+ System (AB Sciex Pte. Ltd.). The enzymatic products were separated using an ZORBAX-SBC18 column (Agilent, 100 mmÂ4.6 mm I.D, 1.8 mm) with a flow rate of 0.5 ml min -1 at 40 C. The solvent system consisted of a linear gradient from 10% to 95% (v/v) acetonitrile in water with 0.1% formic acid over a period of 30 min followed by an isocratic elution with 95% for 5 min. MS/MS spectra were measured using PeakView V1.6 software.
In silico screening of the candidate PT gene
The normalized transcriptome database of M. alba was constructed as previously described (Guan et al. 2018) . BLAST was used to identify putative stilbenoid-specific PTs. Genes were retrieved from the database by using BLAST algorithms, taking the cDNA sequence of the characterized flavonoid PT in M. alba as query (MaIDT, KM262659.1). The BLAST result is shown in Table 2 . Protein motifs were predicted using TMHMM (http://www.cbs.dtu.dk/service s/TMHMM/), ChloroP (http://www.cbs.dtu.dk/services/ChloroP/), TargetP (http://www.cbs.dtu.dk/services/TargetP/) and IPSORT (http:// ipsort.hgc.jp/1 ).
Isolation of cDNAs from Morus alba
Samples (0.1 g FW) were ground to powder in liquid nitrogen using a sterilized mortar and pestle. Total RNA was extracted from the leaf tissue powder using a Quick RNA Isolation Kit (Huayueyang Biotechnology). RNA was reverse-transcribed to cDNA using a Reverse Transcription System (Applied Biological Materials Inc.) according to the manufacturer's protocol. Primers were designed using the Primer Premier 5.0. The fulllength clone of MaOGT was acquired by real-time PCR using the gene-specific pairs primer MaOGT-LF (5'-CGCGGATCCTT CCCTGGTCATTTCAGTGAA-3') and MaOGT-LR (5'-CCGCTC GAGTCTTTCAAGGAGCAAAGTGTCC-3'). In these sequences, the restriction sites for subcloning are underlined. Because the N-terminal-truncated coding sequence (T-MaOGT) was not successfully amplified from cDNA samples, the sequence was synthesized by Tsingke Biological Technology Co., Ltd.
Heterologous expression in yeast
The PCR products were directly cloned into pESC-HIS vector (Stratagene Inc.), which resulted in the expression constructs pESC-HIS-MaOGT and pESC-HIS-T-MaOGT. The expression vectors were introduced into the yeast strain YPH499 by the classic electroporation method (Ausubel et al. 1987, Becker and Guarente 1991) using MicroPulser (Bio-Rad) under the guidance of the instruction manual. The microsomal fractions of yeast cells were prepared as previously described (Chen et al. 2013 ) with minor modifications. Briefly, the single colony of the transformed yeast cells was precultured in 20 ml of synthetic dropout medium containing 2% glucose (w/v) for 24 h. The pre-cultured cells were harvested and resuspended in 200 ml of synthetic dropout medium containing 2% galactose (w/v) for another 24 h at 30 C. Cultures of yeast cells were harvested and disrupted by an ultrasonic cell homogenizer (JY92-IIDN, Ningbo, Scientz Biotechnology Co., Ltd.) in the extraction buffer [pH 9.0 100 mM Tris-HCl containing 1 mM phenylmethylsulfonyl fluoride (PMSF)] according to Liu et al. (2013) . The cell debris was removed by centrifugation at 12,000Âg for 20 min. The supernatant was subsequently centrifuged at 10,000Âg for 60 min at 4 C (Beckman) to sediment crude microsomes (Pompon et al. 1996) . The microsomal pellet was resuspended in 500 ml of reaction buffer. The total protein concentration was determined by the Bradford method (Bradford 1976 ).
Construction of binary vectors and transient expression in Nicotiana benthamiana
To illustrate the functions of MaOGT in plants, the ORF was amplified from pESC-His-MaOGT using primer pairs MaOGTKpnLF (GGGGTACCATGGAGGTCTTAATCTCTA) and MaOGTBamHILR (CGGGATCCTTATATGAAAGGAACTAGG). The amplified fragments were purified and subcloned into the pCAMBIA2301-KY vector. The ligated construct was transformed into Agrobacterium strain GV3101 for transient expression in N. benthamiana leaves. At 72 h post-infiltration, the leaves were collected and homogenized using a mortar and pestle in extraction buffer containing 100 mM Tris-HCl (pH 8.0) and 10 mM dithiothreitol (DTT). After removing the cell debris by centrifugation at 8,000Âg for 20 min at 4 C, the crude cellfree supernatant was obtained. The preparation of the microsomal fraction was similar to that of transformed yeast cells. The supernatant was subsequently centrifuged at 100,000Âg for 60 min at 4 C (Beckman) to sediment crude microsomes, and the pellet was resuspended in reaction buffer.
Prenyltransferase activity
For the quantitative determination of the PT activity, the basic reaction mixture (100 ml) contained pH 8.0 100 mM Tris-HCl, 10 mM MgCl 2 , 200 mM prenyl acceptor, 200 mM GPP and 50 mg of protein of the recombinant microsomal extracts. The reaction mixtures were incubated at 30 C for 2 h, and the reactions were terminated by the addition of 100 ml of methanol. The protein was removed by centrifugation at 14,000Âg for 20 min. The enzymatic products were analyzed by HPLC. For the quantitative analysis of the enzyme activity, three independent experiments were performed as biological replicates.
Biochemical properties of the recombinant enzymes
To assay enzyme kinetics, seven concentrations (10, 20, 30, 40, 50, 75, 100, 150 and 200 mM) of oxyresveratrol with 200 mM GPP were incubated with 50 mg of protein of the recombinant yeast microsomal extracts under 30 C for 15 min. The apparent K m values were calculated by non-linear regression analysis of the Michaelis-Menten equation using GraphPad Prism 7 software. To investigate the optimal pH, the enzyme reactions were performed in three kinds of reaction buffers (CH 3 COOH/ CH 3 COONa, NaH 2 PO 4 /NaHPO 4 and Tris-HCl) with different pH values (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9 .0 and 9.5). To investigate the optimal reaction temperature, the enzyme reactions were performed at seven temperatures (20, 25, 28, 30, 37, 40 and 50 C) . To test the required divalent cations for PT activity, 10 mM MgCl 2 , 10 mM BaCl 2 , 10 mM MnCl 2 , 10 mM CaCl 2 , 10 mM FeCl 2 , 10 mM NiCl 2 , 10 mM CoCl 2 , 10 mM CuCl 2 , 10 mM NiCl 2 and 10 mM EDTA were individually used with GPP and oxyresveratrol in 100 mM Tris-HCl buffer (pH 7.0) at 30 C.
Construction of YFP fusion protein for subcellular localization studies
To determine the subcellular localization of MaOGT, the coding region was amplified from pESC-His-MaOGT using the primer pair MaOGT-BamHIlF (TCTGATCAAGAGACAGGATC CATGGAGGTCTTAATCTCT AACT) and MaOGT-SalILR (CAT CGGTGCACTAGTGTCGACTATGAAAGGAAC TAGGAGAAA C). The PCR fragments were purified and subcloned into the pCAMBIA1300-N1-YFP vector to produce an N protein-YFP fusion construct driven by the CaMV 35S promoter (35S:MaOGT:YFP). The construct was transformed into Agrobacterium strain GV3101 for transient expression in N. benthamiana leaves. After 72 h, YFP fluorescence was excited at 515 nm by an argon laser and detected in a range from 530 to 630 nm with confocal laser scanning microscopy (FV1000; Olympus).
Phylogenetic analyses
Several PTs acting on the aromatic compounds of higher plants were selected. Amino acid sequences of selected PTs were first aligned using Clustal Omega (Sievers et al. 2011 ). The PT polypeptide phylogenetic tree was constructed using the MEGA7 software (http://www.megasoftware.net) and the NeighborJoining method with 1,000 bootstrap tests.
